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Abstract. The marine environment is heavily exploited, but unintentional consequences
cause wide-ranging negative effects to its characteristics. Linkage frameworks (e.g., DPSIR
[driver–pressure–state–impact–response]) are commonly used to describe an interaction
between human activities and ecological characteristics of the ecosystem, but as each linkage
is viewed independently, the diversity of pressures that affect those characteristics may not be
identified or managed effectively. Here we demonstrate an approach for using linkages to
build a simple network to capture the complex relationships arising from multiple sectors and
their activities. Using data-analysis tools common to ecology, we show how linkages can be
placed into mechanistically similar groups. Management measures can be combined into fewer
and more simplified measures that target groups of pressures rather than individual pressures,
which is likely to increase compliance and the success of the measure while reducing the cost of
enforcement. Given that conservation objectives (regional priorities) can vary, we also
demonstrate by way of a case study example from the Marine Strategy Framework Directive,
how management priorities might change, and illustrate how the approach can be used to
identify sectors for control that best support the conservation objectives.
Key words: ecosystem approach; European regional seas; human activities; linkage framework; marine
management; pressure; sustainability.
INTRODUCTION
The marine environment and its coastal margins are
heavily exploited for a wide range of ecosystem goods
and services (Ban et al. 2010). Unintentional habitat
loss, habitat fragmentation, and disturbance resulting
from this resource exploitation can affect ecosystem
structure and functioning, with unforeseen consequences
for nontarget species and ecosystem services (Eastwood
et al. 2007, Halpern et al. 2008, 2010). Measures to limit
the harmful effects of human activities have typically
attempted to protect a specific habitat, species or other
feature of interest through management of a single
sector (Commission of the European Communities (EC)
2009, Khalilian et al. 2010). Implementation of man-
agement measures on an industry-by-industry basis has
caused some sectors to be subject to strict licensing
controls (e.g., the offshore oil and gas is licensed in UK
waters under the Petroleum Act [1998] and Continental
Shelf Act [1964]). Although several single-sector man-
agement programs have been successful in mitigating the
impacts of their target industry (see the Quality Status
Report 2010 [OSPAR Commission 2010]), this type of
management cannot control the full range of detrimen-
tal pressures on ecosystems that arise from diverse
industry activities, and other insufficiently regulated
sectors continue to have widespread effects across the
ecosystem.
Ecosystem-wide improvements will often require a
combination of measures to control the whole suite of
pressures introduced by the full range of human
activities that impact the marine ecosystem; i.e., an
ecosystem approach to management is needed. The link
between human activities and impact on the ecosystem
can be described using a simple hierarchy (Fig. 1). This
hierarchy follows the form of a sector (e.g., fishing)
undertaking an activity (e.g., trawling) that generates a
pressure (e.g., selective extraction of fish), which impacts
the environment (e.g., by physically removing fish) and
changes the quality (state) and quantity of the resource
(e.g., by reducing the standing stock biomass (SSB) of
fish). In recent years there has been a major shift in focus
within environmental policy toward an ecosystem
approach to management (Hassan et al. 2005). Al-
though the underlying concepts and potential benefits of
the ecosystem approach are recognized, its practical
implementation has been rare (FAO 2005). Early efforts
were made at a relatively small scale, concentrating on
the conservation of a single species but considering
multiple activities or impact pathways (Ruckelshaus et
al. 2008). These have gradually been replaced by larger-
scale planning and policy mechanisms incorporating
multiple environmental, societal, and economic objec-
tives (Samways et al. 2010) that use increasingly complex
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concepts such as ecological networks to enhance
ecosystem health (Oberle and Schaal 2011).
Describing and understanding the complex network
of human activities and their pressures is key to
successfully implementing an ecosystem approach.
Linkage-based frameworks have commonly been used
to describe the relationships between human activities
and ecological characteristics (Elliott 2002, La Jeunesse
et al. 2003, Odermatt 2004, Scheren et al. 2004, Holman
et al. 2005). There are several widely used frameworks
including the pressure–state–response (PSR) framework
(Rapport and Friend 1979) and the more recent
derivation, Driver–Pressure–State–Impact–Response
(DPSIR) framework (EEA 1999). Linkage frameworks
tend to be based on a concept of causality, i.e., human
activities exert pressures on the environment changing
the quality (state) and quantity of its natural resources.
An advantage of linkage frameworks is that key
relationships are captured and displayed in a relatively
simple way (Rounsevell et al. 2010), but a disadvantage
is that linkages tend to be viewed independently of each
other without consideration of the interplay with
linkages arising from other sectors, the range of
pressures generated by specific activities, or the variety
of ecosystem components that are impacted by a
particular pressure. These shortcomings may explain
the limited evidence for improvement following adop-
tion of the ecosystem approach (Ruckelshaus et al. 2008,
Tallis et al. 2010). In an analogous way that single-
species or single-sector fisheries management under the
Common Fisheries Policy of the European Union (CFP;
available online)2 has been limited by a failure to account
for nontarget sector(s) impacting on a resource (Kha-
lilian et al. 2010), the ecosystem approach can also be
undermined by a failure to account for the multiple
unmanaged sectors and activities that could impact an
ecosystem and its characteristics as a whole (Smith et al.
2007).
Here we illustrate an approach for using these
‘‘simple’’ linkages (impact chains) to build an integrated
network that captures the diverse and complex range of
sector activities that impact marine ecosystems (a
simplified network is shown in Fig. 1). Using common
ecological data-analysis tools, such as network topology
metrics and cluster analyses, we demonstrate how
mechanistic similarities between linkages can be identi-
fied, allowing development of improved management
measures in support of conservation or restoration
objectives. We also illustrate how differences in policy
objectives could affect management priorities using case-
study examples from the Marine Strategy Framework
Directive (MSFD) (EC 2008). We focus on the MSFD
as it is the policy mechanism through which ecosystem-
based marine management will be implemented in
European regional seas. The overarching aim of the
FIG. 1. Impact chains. (a) A generic hierarchical impact chain linking sectors and activities to an ecological characteristic via a
specific pressure. A sector is a distinct industry, such as fishing or shipping, that undertakes specific activities (e.g., benthic trawling)
during its exploitation of marine resources. Each sector activity can generate many different pressures that impact one or more
ecological characteristics or cause harm to the environment (e.g. benthic trawling extracts fish species). An ecological characteristic
(a habitat, species, or interest feature of an ecosystem, e.g., demersal fish) can be impacted by multiple sectors and multiple
pressures, forming (b) a complex network of sector–pressure impact chains. A separate impact chain is generated for every
combination of sector (black circles), pressure (gray circles), and ecological characteristic (central white circle).
2 http://ec.europa.eu/fisheries/cfp/index_en.htm
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MSFD is to ensure that natural resources are exploited
in a sustainable manner so that biodiversity is main-
tained and that its regional seas are clean, healthy, and
productive (Article 3(5); EC 2008). When this goal is
achieved, the regional sea is considered as being at
‘‘Good Environmental Status’’ (GES). In the MSFD, 11
underlying qualitative descriptors were developed (An-
nex I; EC 2008) to allow differentiation between
structure and functional processes of the ecosystem.
The descriptors are not objectives per se. Rather, they
describe features of the ecosystem that are widely
considered as important, either from a conservation
(e.g., biodiversity, food web) or threat (e.g., nonindig-
enous species, marine litter) perspective that may be
useful in developing a specific set of objectives.
In this paper we consider two of the descriptors
developed for the MSFD, namely, Descriptor 1:
Biodiversity, and Descriptor 4: Food webs. The choice
of descriptor has a direct effect on the number/type of
impact chains requiring consideration. By definition, the
biodiversity descriptor includes all aspects of the ecosys-
tem and therefore, all impact chains are relevant to its
assessment. In contrast, the food-web descriptor as
developed is focused on some key species, and on whole
trophic groups, including fish, marine mammals, sea-
birds, benthic flora and fauna, and plankton (see
Commission Decision 2010/477/EU for further details).
As such, only those impact chains relevant to these
ecological characteristics were considered (see Appen-
dix: Table A3 for the relevant links). Under both
descriptor scenarios, we illustrate the management
priorities as a result of changes in the impact chains.
APPROACH AND METHODS
Assessing ecosystem complexity: linking sectors
and pressures to ecological characteristics
of the ecosystem
Understanding the hierarchical pathways through
which sector activities affect descriptor indicators is an
essential first step in the process of managing their
impact (see Fig. 1 and definition of the hierarchy in
Introduction, paragraph two). This description is com-
plicated by the fact that specific impacts can result from
activity associated with numerous sectors (Soto et al.
2006, Ban et al. 2010). If the impact of a sector and its
activities is to be reduced or mitigated so that no
detrimental effects to the ecological characteristics of the
ecosystem are seen, we must make clear and definitive
links between sectors, the pressures they generate and
the effects those pressures have on components of the
ecosystem.
There are numerous human activities with the
potential to impact marine ecosystems (Halpern et al.
2007), many of which are common to several sectors
functioning in Europe’s regional seas. Using a wide
range of sources including peer-reviewed literature, gray
literature, and regional expertise, we identified 19
sectors, and their effect on the ecosystem was assessed.
While the sectors were chosen for evaluation based on
their predominance in one or more of Europe’s regional
seas, they are also common to marine ecosystems
globally (Halpern et al. 2007) (see Appendix: Table A1
for a full list of sectors). Sectors in an early stage of
development (e.g., carbon sequestration) or increasing in
prevalence (e.g., renewable energy) were also included.
Sectors are defined broadly (e.g., fishing), encompassing
a range of activities associated with that industry (e.g.,
benthic trawling, pelagic trawling, long-lines or fixed
nets). In total, 105 activities were identified and assessed
(see Appendix: Table A1 for a comprehensive list).
Although not presented here, the assessment can easily
be modified to illustrate similarities between linkages at
the activity scale rather than at the sector scale.
The Marine Strategy Framework Directive (MSFD;
EC 2008) identified 18 specific pressures, which could be
placed into one of eight general pressure groupings
based on their shared impact characteristics such as
whether the pressure caused physical damage (e.g.,
abrasion or selective extraction), physical loss (e.g.,
smothering or sealing) or contamination (e.g., introduc-
tion of synthetic compounds) (see Annex III of the
Directive [EC 2008] for the full list of pressures and
impacts). We expanded this to 21 specific pressures as
the list was not exhaustive; e.g., changes in wave
exposure and their effects on intertidal communities
(Dayton 1971) were not included, nor did it include
pressures that could arise from new but increasingly
prevalent activities such as barriers to species movement
arising from renewable-energy installations (Apraham-
ian et al. 2010). Additional pressures and their link to
sectors and ecological characteristics were identified
using a combination of peer-reviewed literature, gray
literature (e.g., The Marine Life Information Network,
available online),3 and expert judgment. See Appendix:
Table A3 for a full list of pressure types together with a
short description of each pressure.
Sixteen ecological characteristics of the marine
environment were identified in the MSFD (Annex III;
EC 2008). However, we exclude ‘‘listed habitats’’ and
‘‘habitats meriting special reference’’ from the analysis as
they can be included within the ‘‘predominant habitat’’
category in terms of the mechanism(s) through which
pressures act on them. The 14 ecological characteristics
can be classified into four broad categories: (1) physical
and chemical features (i.e., temperature, salinity, topog-
raphy, nutrients and oxygen, pH); (2) predominant
habitat types (e.g., sublittoral sediment, deep sea, littoral
rock); (3) biotic characteristics (fish, birds, mammals,
benthic flora and fauna, plankton, listed species), and
(4) other notable chemical features of the ecosystem
(e.g., presence or absence of hotspots for eutrophica-
tion). The impact of a pressure on an ecological
characteristic is not specified but could range from
3 www.marlin.ac.uk/human-activity.php
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changes in biomass, demography, or abundance (for
biotic characteristics) to ones that cause a change in the
salinity or temperature profile (for physical and chemical
features).
Evaluating impact chains of the ecosystem
We evaluated the links between sectors, pressures, and
ecological characteristics by constructing impact chains
using three matrices. The first contains i rows of sectors
and j columns of pressures (Appendix: Table A2) and
the second contains i rows of pressures and j columns of
ecological characteristics (Appendix: Table A3). The
third matrix combines Appendix: Tables A2 and A3 into
a matrix of impact chains (i.e., a table of all potential
sector–pressure–ecological characteristic interactions).
This third ‘‘impact-chain’’ matrix is not shown for
brevity as it contains .7000 impact chains. Each cell in
the impact-chain matrix is a qualitative and determin-
istic assessment of the presence (X) or absence (blank
cell) of a link, which was assessed using a combination
of published literature and expert judgment. Matrices
were combined in Netica (available online),4 resulting in
an integrated ecosystem model that describes all
potential linkages among all sectors, pressure types,
and ecological characteristics.
The complexity of the ecosystem impact-chain net-
work was measured using three properties of network
topology (Dunne et al. 2002): (1) complexity/linkage
density (the number of links between sectors, pressures,
and ecological characteristics), (2) links per ecological
characteristic (connectance) (Gardner and Ashby 1970),
and (3) linkage similarity (clustering) (Allen and Starr
1982). In addition, agglomerative hierarchical cluster
analysis (Dubes and Jain 1988) was used to group
similar impact chains. This allowed sectors to be
grouped by similarity of pressure types they introduce
(e.g., does Sector A introduce the same pressure types as
Sector B? If so, Sector A is similar to Sector B in terms
of its impact pathways). Similarity of pressure types also
enabled the likelihood of pressure co-occurrence to be
determined. For example, when a sector activity causes a
‘‘change in temperature’’, should we also expect a
‘‘change in salinity’’? Finally, different ecological char-
acteristics were grouped by the similarity of impact
chains that affect them, indicating where wider (indirect)
ecosystem benefits might be achieved beyond those
envisioned under a particular management measure or
suite of measures. For example, if a measure was
introduced to limit impacts on plankton, are these
benefits likely to be indirectly conferred to pelagic fish
species as a result of the restriction(s)?
Food-web model
To evaluate how management might change when the
conservation priority is different, we truncated the
ecosystem model to include only those linkages relevant
to the ecological characteristics representative of a
marine food web. Food webs are networks of connec-
tions between a diversity of consumers and resources
(Polis and Strong 1996). The species composition of a
food web can vary by habitat and region, but the
principles of energy transfer from sunlight to plants and
successive trophic levels are the same. Functional
aspects and a specific focus on the levels of productivity
of key components can be used to describe a food web.
In the Marine Strategy Framework Directive, GES
(good environmental status) of a food web is described
as when ‘‘all elements of the marine food webs, to the
extent that they are known, occur at normal abundance
and diversity and levels capable of ensuring the long-
term abundance of the species and the retention of their
full reproductive capacity’’ (Annex I; EC 2008). A task
group further defined generic functional indicators as:
(1) biological groups with fast turnover rates (e.g.,
phytoplankton, zooplankton, bacteria) that respond
quickly to system change; (2) groups targeted by
fisheries; (3) habitat-defining groups; and (4) charismatic
or sensitive groups often found at the top of the food
web, such as marine mammals and seabirds (ICES
2010). Here we specifically refer to the ecological
characteristics: bottom flora and fauna (habitat-forming
species), fish, marine mammals, plankton, and seabirds.
Food-web-specific ecological characteristics were select-
ed within the deterministic model to indicate the impact
chains only relevant to them.
Data analysis
Linkage similarities were assessed using cluster
analysis (Clarke 1993). All analyses were undertaken
using the open-source software R (R Development Core
Team 2008) and the package Pvclust (Suzuki and
Shimodaira 2006). Clusters were calculated as the
Euclidean distance of the sector, pressure, or ecological
characteristic from the origin, and the clustering method
used was average distance. Statistically significant
clusters were calculated as approximate unbiased (au)
and bootstrap probabilities (bp) (see Suzuki and
Shimodaira [2006] for full details).
RESULTS
The ecosystem model
We evaluated 7066 impact chains and, based on the 19
sectors included in the model, 1462 individual impact
chains were identified as having the potential for
detrimental effects on the ecosystem and its character-
istics.
Connectance of sectors, pressures, and ecological
characteristics
The five sectors identified from the ecosystem model
as those contributing the greatest number of impact
chains were coastal infrastructure, renewable energy, oil
and gas, tourism/recreation, and fishing. Sectors intro-4 www.norsys.com
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ducing the fewest impact chains were shipping, telecom-
munications and scientific research (Fig. 2).
The five most common pressures (Fig. 2b) were
changes in water flow rate, introduction of non-synthetic
compounds, changes in siltation, introduction of syn-
thetic compounds, and marine litter. The most infre-
quent pressures were electromagnetic energy, barriers to
species movement, and change in emergence regime
(Fig. 2b).
The five ecological characteristics with the greatest
number of impact chains affecting them were listed
species, bottom flora and fauna, fish, marine mammals
and predominant (seafloor) habitats. Physio-chemical
characteristics, namely, temperature, salinity, and pH
were the least threatened (Fig. 2b).
Clustering sectors, pressures, and ecological
characteristics by impact-chain similarity
We identified 17 different groups of sectors. The
average distance (height) among clusters was generally
low, indicating a relatively high degree of similarity
between the impact chains introduced by different
sectors (Fig. 3). Two clusters of sectors with statistically
similar impact chains were identified. The first included
land-based industry, agriculture, desalination, and
waste-water treatment (percentage similarity of 100)
and the second included fishing, aquaculture, and
tourism and recreation (percentage similarity of 96)
(Fig. 3b).
There was less similarity in terms of the combination
of sectors introducing a pressure type. With the
exception of changes in salinity and changes in thermal
regime (Fig. 3c; percentage similarity of 99), there were
no statistically significant groupings, indicating that
each pressure type is introduced by a different combi-
nation of sectors. However, combining mechanistically
similar pressure types, such as substrate loss, abrasion,
and smothering into their broader typologies (i.e.,
physical loss and physical damage), revealed some
similarities (Fig. 3b).
Ecological characteristics could be grouped into
distinct clusters and the average distance (dissimilarity)
among clusters was more than three times greater than
found in the sector and pressure comparisons, indicating
clear differentiation between the combination of sectors
and pressures that impact different ecological charac-
teristic groups (Fig. 3c, height ;10). Twelve clusters
were identified, four of which consisted of statistically
similar ecological characteristics. Group 1 was com-
prised of the physical/chemical features (1) salinity and
(2) temperature (100% similarity). These fell within a
larger cluster (9) that includes chemicals, nutrients and
pH. The second group (2) consisted of bottom flora and
FIG. 2. The number of linkages (proportional connectance)
associated with (a) the sectors, (b) the pressure types, and (c) the
ecological characteristics of the ecosystem in European regional
seas. Proportional connectance is calculated as the number of
linkages associated with each sector/pressure type/ecological
characteristic divided by the total number of linkages in the
 
ecosystem model (N ¼ 1692 impact chains). Absolute propor-
tional connectance values are shown at the end (right side) of
each bar.
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fauna and listed species (97% similarity), which them-
selves fell within the larger group of ‘‘Biological
features’’ including marine mammals and fish (cluster
8). Group 3 consisted of predominant-habitat types and
topography (97% similarity), and the final group was
comprised of nonindigenous species and plankton
(group 6; 98% similarity), which are subject to a similar
group of impact chains as the physical and chemical
characteristics (Group 10) (Fig. 3c).
The food-web model
Of the 1462 impact chains identified, 704 chains were
relevant to indicators of food-web status, with the
greatest number of impact chains affecting bottom flora
and fauna and the fewest affecting plankton (Fig. 4).
There was a change in the ranking of sectors when
considering only those characteristics relevant to food-
web GES (‘‘good environmental status’’ of the marine
environment). Ten sectors increased in rank, two did not
change, and seven decreased in rank (Fig. 5), although
the predominant sectors (most connected) did not
change from the ecosystem model. The prevalence of a
pressure type changed to a greater extent: 12 pressure
types increased in rank, one did not move, and 11
pressure types decreased in rank (Fig. 5). Greatest
changes were to the rankings of agriculture (þ3) and
nonindigenous species (NIS; þ7).
The greatest number of impact chains arose from
Renewable energy (Fig. 4), which contributed 56
different chains and affected all five ecological charac-
teristics of food webs, in particular, fish and bottom
flora and fauna. The most common pressures were the
introduction of synthetic and non-synthetic compounds,
and changes in siltation and water flow (Fig. 4).
DISCUSSION
One of the greatest challenges of transforming
ecosystem-based management (EBM) from a conceptual
approach into an operational framework that supports
sustainable use is identification and management of the
impact chains that are detrimental to ecosystem
structure and functioning (Leslie and McLeod 2007).
As illustrated here, impacts derive from a number of
sectors and activities, which contribute a range of
threats to form a complex network of impact chains
that affect multiple aspects of the environment. Using a
simple framework approach, we have shown how the
complex network of impact chains introduced by
multiple sectors can be placed into mechanistically
similar groups so that programs of management
measures could be developed to address the diverse
range of threats to the ecosystem and its components,
but in a simplified, more efficient and effective way.
We evaluated 19 sectors for their potential to
introduce up to 21 different pressure types. Over 1460
impact chains were identified indicating the scale and
complexity of the issues that EBM faces. Despite this,
five predominant sectors could be identified: coastal
infrastructure, renewable energy, oil and gas, tourism/
recreation, and fishing, which contribute ;35% of all
impact chains and are predominant features of both the
ecosystem and food-web frameworks (Figs. 2 and 4).
However, the similarity of the impact chains arising
from multiple sectors (Fig. 3) underscores the limited
efficacy of single-sector management in mitigating all
potential impacts (Khalilian et al. 2010) and highlights
the need for either a single management measure that
addresses the pressure(s) of interest, or a suite of
management measures that target multiple sectors and
the pressures they introduce (i.e., cross-sectoral man-
agement). For example, aquaculture and tourism and
recreation introduce a similar suite of pressures,
suggesting that management of both sectors would be
required to effectively mitigate the detrimental pressures
they introduce (Fig. 3).
Grouping sectors by the suite of pressures they
introduce is on its own unlikely to support EBM.
Several sectors and their activities can introduce the
same pressure types, so that even if one sector was
restricted—for example using a spatial management
program to limit the area of impact by that sector’s
activities—impacts may still occur as a result of the
unmanaged sector. This is further complicated by the
potential for spatial and/or temporal overlap between
different sectors and activities, which can lead to
‘repeated’ introductions of a pressure that can increase
its intensity and the severity of its impact (Zhao and
Newmann 2004, Eastwood et al. 2007, Stelzenmu¨ller et
al. 2010). Growing demand for marine resources has led
to an increase in the spatial extent of sectors and, in
turn, a greater likelihood of overlap between different
sector activities (Eastwood et al. 2007). Linking specific
!
FIG. 3. Agglomerative hierarchical cluster analysis comparing the similarity of impact chains for (a) sectors, (b) pressure types,
and (c) ecological characteristics. Height indicates percentage dissimilarity where 1¼no dissimilarity, and values shown above each
cluster indicate the approximate unbiased (au; red) and bootstrap probabilities (bp; green, percentage similarity) for that cluster.
The blue numbers indicate the cluster ranking (edge number); the lower the number (e.g., 1), the more similar the cluster.
Hierarchical clusters were calculated by average Euclidean distance. Abbreviations (in alphabetical order): Barrier, barriers to
species movement; Carbon_seq, carbon sequestration; Coast_Infra, coastal infrastructure; Desal, Desalination; Emerg, emergence
regime; Extract, extraction of nonliving organisms; Orgs, introduction of organic matter; LBI, land-based industry; Mammals,
mammals and reptiles; Micro, microbes; Nav_Dredge, navigational dredging; N_P, nitrogen and phosphorus enrichment; NIS,
nonindigenous species; Non-synth, non-synthetic compounds; Predom_hab, predominant habitats; Salin, salinity; Silt, siltation;
Smother, smothering; Spp_extract, species extraction;Subs_loss, substrate loss; Synth, synthetic compounds; Therm, thermal
regime; Waste_water, wastewater treatment; Wave_exp, wave exposure.
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pressures to those sectors and their activities is a critical
step that underpins our efforts to mitigate their harmful
effects. While our framework does not attempt to
evaluate the extent of overlap nor attempt to evaluate
how pressure severity might change if sector activities do
co-occur, it does indicate the potential for combined or
cumulative impacts (Fig. 3) and can be used to highlight
two things. First, where EBM should consider including
multiple sectors (and activities) within its management
strategies, and second, it identifies which sectors should
be included in those strategies given current usage.
Comparison of the pathways of pressure introduction
revealed some similarities, but also the need for quite
different controls for dissimilar pressure types (Fig. 3).
Grouping pressure types in this way allows indirect
benefits of management to be identified. For example,
management of sector activities that cause changes in
salinity (e.g., freshwater discharge into coastal oceans;
Davila et al. 2002) is also likely to limit changes in
thermal regime (Fig. 3). The approach could therefore
be used to develop management measures that confer
wider benefits than simply affecting the targeted single
pressure type. There are several benefits to this. First,
management measures can be combined into fewer and
more simplified measures, leading to greater compliance
(Tallberg 2002). Second, assuming the measure itself is
well designed and is linked to clear and realistic targets,
the likelihood of success will increase and the cost of
enforcement will decrease (Sutinen and Soboil 2003).
However, as shown here, the number of potential impact
chains is great and it is unlikely that all impacts can be
managed. Policy makers must make trade-offs in terms
of which ecological characteristics they are prepared to
support—a decision often driven by the societal and
economic value of the goods and services the ecosystem
provides rather than the health of the ecosystem itself
(Altman et al. 2011). Thus, identifying management
measures that provide the greatest (direct and indirect)
benefits at the lowest cost will make the choice of
measure(s) for implementation simpler, while addressing
a wider range of threats and satisfying societal and
economic objectives.
Under the Marine Strategy Framework Directive
(MSFD; EC 2008), EU Member States are legally
obligated to implement management measures where a
risk to GES is identified (Article 13(1); EC 2008).
However, funding constraints are likely to limit the
capacity for national, international or regional stake-
holders to implement and enforce management mea-
sures at the level required to mitigate all impact chains
introduced by sectors and their activities (Article 14(1d);
EC 2008). Implementation decisions will therefore likely
depend on the interests of the stakeholder. As our results
FIG. 4. The number of linkages (proportional connectance)
associated with the sectors, pressure types, and ecological
characteristics of the food web in European regional seas.
Proportional connectance is calculated as the number of
linkages associated with each sector/pressure type/ecological
 
characteristic divided by the total number of linkages in the
food-web model (N¼ 704 impact chains).
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show, the chosen objective can greatly influence the
impact chains that management measures must address,
insofar as the pressure type varied greatly between the
ecosystem and food-web models, but the relative
connectance of sectors did not. This suggests that all
sectors broadly affect the ecosystem and its character-
istics, but the mode of action through which an impact
occurs might change. Our approach illustrates how
different impact chains can be identified, following
which the institutional capacity required to implement
relevant measures can then be determined (Carlsson and
Berkes 2005). We have demonstrated the approach
using a whole-ecosystem and food-web example, but the
approach can easily be modified to assess another
objective by limiting the model to the impact chains
relevant to the feature of interest, e.g., fish species or a
specific habitat. The approach can therefore be applied
in a different context (e.g., ecosystem-based fisheries
management) and can help support decision making
based on the specific priorities of that context.
FIG. 5. Change in the connectance ranking of (a) sectors and (b) pressure types in the food-web model in comparison to the
ecosystem model. A positive change in ranking value indicates a proportional increase in connectance of a sector or a pressure type.
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The development of management measures to support
EBM will be challenging, perhaps more so for biological
characteristics of the ecosystem, which are subject to
over 70% of the total pressure (Fig. 2). Impact chains
affecting the physical and chemical properties of the
ecosystem are less complex and may indicate why
management measures that relate to the physical and
chemical environment, such as the Nitrates Directive
(EEC 1991) have been so successful. The considerable
number of chains affecting biological characteristics
highlights the difficulties facing EBM, in particular, how
to manage sectors and their activities to account for all
impact chains (whether direct or indirect) affecting
ecological characteristics. In this study, we did not
consider the links between ecological characteristics, so
we cannot evaluate how reductions in pressure on one
characteristic might affect another, but the role of
complexity and interdependencies in food-web stability
has been long debated in ecology (Polis and Strong
1996). Until recently (Berlow et al. 2009), it was
suggested that interdependencies among species were
so complex that it would be impossible to predict how
one species affects another (Yodzis 1988). Advances in
food-web modeling (Berlow et al. 2009) will likely
provide support for valuing the contribution of different
ecological characteristics in ecosystem structure and
functioning and may enable prioritization of manage-
ment toward the impact chains most detrimental to the
ecosystem and its biotic components. However, until
that time, our results suggest that EBM is likely to face
difficult challenges in successfully mitigating the vast
number of impact chains that affect the characteristics
of the ecosystem so that the objective of sustainable use
is achieved.
ACKNOWLEDGMENTS
This study is funded by and is part of the ongoing research
within the EU FP7 program ‘‘Options for Delivering Ecosystem
Based Marine Management’’ (ODEMM; grant number 244273;
www.liv.ac.uk/odemm). We thank Rachel Jeffries and Fiona
Culhane for their valuable comments on the manuscript prior
to submission. We also thank the two reviewers for their
valuable comments, which have helped to greatly improve this
paper.
LITERATURE CITED
Allen, T. F. H., and T. B. Starr. 1982. Hierarchy: perspectives
for ecological complexity. University of Chicago Press,
Chicago, Illinois, USA.
Altman, I., A. M. H. Blakeslee, G. C. Osio, C. B. Rillahan, S. J.
Teck, J. J. Meyer, J. E. Byers, and A. A. Rosenberg. 2011. A
practical approach to implementation of ecosystem-based
management: a case study using the Gulf of Maine marine
ecosystem. Frontiers in Ecology and the Environment 9:183–
189.
Aprahamian, M. W., C. D. Aprahamian, and A. M. Knights.
2010. Climate change and the green energy paradox: the
consequences for twaite shad Alosa fallax from the River
Severn, U.K. Journal of Fish Biology 77:1912–1930.
Ban, N. C., H. M. Alidina, and J. A. Ardron. 2010. Cumulative
impact mapping: advances, relevance and limitations to
marine management and conservation, using Canada’s
Pacific waters as a case study. Marine Policy 34:876–886.
Berlow, E. L., J. A. Dunne, N. D. Martinez, P. B. Stark, R. J.
Williams, and U. Brose. 2009. Simple prediction of interac-
tion strengths in complex food webs. Proceedings of the
National Academy of Sciences USA 106:187–191.
Carlsson, L., and F. Berkes. 2005. Co-management: concepts
and methodological implications. Journal of Environmental
Management 75:65–76.
Clarke, K. R. 1993. Non-parametric multivariate analyses of
changes in community structure. Australian Journal of
Ecology 18:117–143.
Commission of the European Communities (EC). 2009. Green
paper: reform of the Common Fisheries Policy. The
European Commission, Brussels, Belgium.
Davila, P. M., D. Figueroa, and E. Muller. 2002. Freshwater
input into the coastal ocean and its relation with the salinity
distribution off austral Chile (35–558S). Continental Shelf
Research 22:521–534.
Dayton, P. K. 1971. Competition, disturbance, and community
organization: the provision and subsequent utilization of
space in a rocky shore intertidal community. Ecological
Monographs 41:351–389.
Dubes, R. C., and A. K. Jain. 1988. Algorithms for clustering
data. Prentice Hall, London, UK.
Dunne, J. A., R. J. Williams, and N. D. Martinez. 2002. Food-
web structure and network theory: The role of connectance
and size. Proceedings of the National Academy of Sciences
USA 99:12917–12922.
Eastwood, P. D., C. M. Mills, J. N. Aldridge, C. A. Houghton,
and S. I. Rogers. 2007. Human activities in UK offshore
waters: an assessment of direct, physical pressure on the
seabed. ICES Journal of Marine Science 64:453–463.
EC [European Commission]. 2008. Directive 2008/56/EC of the
European Parliament and of the Council of 17 June 2008
establishing a framework for community action in the field of
marine environmental policy (Marine Strategy Framework
Directive). Official Journal of the European Union L164:19–
40. Publications Office of the European Union, Luxembourg,
Belgium.
EEA [European Environment Agency]. 1999. Environmental
indicators: typology and overview. Technical report number
25/1999. European Environment Agency, Copenhagen, Den-
mark.
EEC [European Economic Community]. 1991. Council Direc-
tive 91/676/EEC of 12 December 1991 concerning the
protection of waters against pollution caused by nitrates
from agricultural sources. Official Journal of the European
Union L375:1–8. Publications Office of the European Union,
Luxembourg, Belgium.
Elliott, M. 2002. The role of the DPSIR approach and
conceptual models in marine environmental management:
an example for offshore wind power. Marine Pollution
Bulletin 44:iii–vii.
FAO [Food and Agriculture Organization of the United
Nations]. 2005. Putting into practice the ecosystem approach
to fisheries. FAO, Rome, Italy.
Gardner, M. R., and W. R. Ashby. 1970. Connectance of large
dynamic (cybernetic) systems: critical values for stability.
Nature 228:784.
Halpern, B. S., S. E. Lester, and K. L. McLeod. 2010. Placing
marine protected areas onto the ecosystem-based manage-
ment seascape. Proceedings of the National Academy of
Sciences USA 107:18312–18317.
Halpern, B. S., K. A. Selkoe, F. Micheli, and C. V. Kappel.
2007. Evaluating and ranking the vulnerability of global
marine ecosystems to anthropogenic threats. Conservation
Biology 21:1301–1315.
Halpern, B. S., et al. 2008. A global map of human impact on
marine ecosystems. Science 319:948–952.
Hassan, R., R. Scholes, and N. Ash. 2005. Ecosystem and
human well-being. Synthesis. A report of the Millennium
ANTONY M. KNIGHTS ET AL.764 Ecological Applications
Vol. 23, No. 4
Ecosystem Assessment. Island Press, Washington, D.C.,
USA.
Holman, I. P., R. J. Nicholls, P. M. Berry, P. A. Harrison, E.
Audsley, S. Shackley, and M. D. A. Rounsevell. 2005. A
regional, multi-sectoral and integrated assessment of the
impacts of climate and socio-economic change in the UK:
Part II. Results. Climatic Change 71:43–73.
ICES [International Council for the Exploration of the Seas].
2010. Marine Strategy Framework. Directive. Task Group 4
Report. Food Webs. EUE 24343 EN. H. Piha, editor. ICES,
Copenhagen, Denmark.
Khalilian, S., R. Froese, A. Proelss, and T. Requate. 2010.
Designed for failure: a critique of the Common Fisheries
Policy of the European Union. Marine Policy 34:1178–1182.
La Jeunesse, I., M. Rounsevell, and M. Vanclooster. 2003.
Delivering a decision support system tool to a river contract:
a way to implement the participatory approach principle at
the catchment scale? Physics and Chemistry of the Earth
28:547–554.
Leslie, H. M., and K. L. McLeod. 2007. Confronting the
challenges of implementing marine ecosystem-based man-
agement. Frontiers in Ecology and the Environment 5:540–
548.
Oberle, B., and B. A. Schaal. 2011. Responses to historical
climate change identify contemporary threats to diversity in
Dodecatheon. Proceedings of the National Academy of
Sciences USA 108:5655–5660.
Odermatt, S. 2004. Evaluation of mountain case studies by
means of sustainability variables: a DPSIR model as an
evaluation tool in the context of the North-South discussion.
Mountain Research and Development 24:336–341.
OSPAR [Oslo and Paris] Commission. 2010. Quality status
report 2010 [on the OSPAR Convention for the protection of
the marine environment of the north-east Atlantic]. OSPAR
Commission, London, UK.
Polis, G. A., and D. R. Strong. 1996. Food web complexity and
community dynamics. American Naturalist 147:813–846.
R Development Core Team. 2008. R: a language and
environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria.
Rapport, D. J., and A. Friend. 1979. Towards a comprehensive
framework for environmental statistics: a stress–response
approach. Catalogue 11(501). Statistics Canada, Ottawa,
Ontario, Canada.
Rounsevell, M. D. A., T. P. Dawson, and P. A. Harrison. 2010.
A conceptual framework to assess the effects of environmen-
tal change on ecosystem services. Biodiversity and Conser-
vation 19:2823–2842.
Ruckelshaus, M., T. Klinger, N. Knowlton, and D. R.
Demaster. 2008. Marine ecosystem-based management in
practice: scientific and governance challenges. BioScience
58:53–63.
Samways, M. J., C. S. Bazelet, and J. S. Pryke. 2010. Provision
of ecosystem services by large-scale corridors and ecological
networks. Biodiversity and Conservation 19:2949–2962.
Scheren, P. A. G. M., C. Kroeze, F. J. J. G. Janssen, L.
Hordijk, and K. J. Ptasinski. 2004. Integrated water pollution
assessment of the Ebrie Lagoon, Ivory Coast, West Africa.
Journal of Marine Systems 44:1–17.
Smith, A. D. M., E. J. Fulton, A. J. Hobday, D. C. Smith, and
P. Shoulder. 2007. Scientific tools to support the practical
implementation of ecosystem-based fisheries management.
ICES Journal of Marine Science 64:633–639.
Soto, N. A., M. Johnson, P. T. Madsen, P. L. Tyack, A.
Bocconcelli, and J. F. Borsani. 2006. Does intense ship noise
disrupt foraging in deep-diving Cuvier’s beaked whales
(Ziphius cavirostris)? Marine Mammal Science 22:690–699.
Stelzenmu¨ller, V., J. Lee, A. South, and S. I. Rogers. 2010.
Quantifying cumulative impacts of human pressures on the
marine environment: a geospatial modelling framework.
Marine Ecology-Progress Series 398:19–32.
Sutinen, J. G., and M. Soboil. 2003. The performance of
fisheries management systems and the ecosystem challenge.
Pages 291–310 in M. Sinclair and G. Valdimarsson, editors.
Responsible fisheries in the marine ecosystem. CASI Pub-
lishing, Signal Mountain, Tennessee, USA.
Suzuki, R., and H. Shimodaira. 2006. Pvclust: hierarchical
clustering with P-values via multiscale bootstrap resampling.
Version 1.2-2. http://cran.r-project.org/package¼pvclust
Tallberg, J. 2002. Paths to compliance: enforcement, manage-
ment, and the European Union. International Organization
56:609–643.
Tallis, H., P. S. Levin, M. Ruckelshaus, S. E. Lester, K. L.
McLeod, D. L. Fluharty, and B. S. Halpern. 2010. The many
faces of ecosystem-based management: making the process
work today in real places. Marine Policy 34:340–348.
Yodzis, P. 1988. The indeterminacy of ecological interactions as
perceived through perturbation experiments. Ecology
69:508–515.
Zhao, Y. A., and M. C. Newman. 2004. Shortcomings of the
laboratory-derived median lethal concentration for predict-
ing mortality in field populations: exposure duration and
latent mortality. Environmental Toxicology and Chemistry
23:2147–2153.
SUPPLEMENTAL MATERIAL
Appendix
Three tables listing the sectors and activities that were considered, the pressure types that are generated by each sector, and
indicating which ecological characteristics of the ecosystem are impacted by specific pressure types. Short descriptions of sectors,
activities, and pressure types are also given (Ecological Archives A023-038-A1).
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